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Abstract
The virial equation can well describe gas state at high temperature and pressure, but the difficulties in virial coefficient calculation limit the use
of virial equation. Simple extended corresponding state principle (SE-CSP) is introduced in virial equation. Based on a corresponding state
equation, including three characteristic parameters, an extended parameter is introduced to describe the second virial coefficient expressions of
main products of propellant gas. The modified SE-CSP second virial coefficient expression was extrapolated based on the virial coefficients
experimental temperature, and the second virial coefficients obtained are in good agreement with the experimental data at a low temperature and
the theoretical values at high temperature. The maximum pressure in the closed bomb test was calculated with modified SE-CSP virial coefficient
expressions with the calculated error of less than 2%, and the error was smaller than the result calculated with the reported values under the same
calculation conditions. The modified SE-CSP virial coefficient expression provides a convenient and efficient method for practical virial coefficient
calculation without resorting to complicated molecular model design and integral calculation.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
The equation of state is a basic equation of interior ballistics,
and the accuracy of the equation has an effect on the veracity of
ballistic calculation results [1]. The Nobel–Abel equation, trun-
cated virial equation and Haar–Shenker equation have been
applied successively to describe the propellant gas at high tem-
perature and pressure [2–4]. Among those equations, the virial
equation is more satisfactory in describing the state of propel-
lant gas at high temperature and pressure. But the difficulty in
acquiring the virial coefficient value greatly restrains the appli-
cation of the virial equation. Various methods have been used to
calculate the virial coefficients to obtain the empirical or semi-
empirical equations of state, such as statistic mechanics and
molecular model, intermolecular interaction, equation of
state for elementary gas, reciprocal space computation, neural
network prediction, and other ways [4–11], whereas the diffi-
culty in calculating the virial coefficients still exists especially
in integration.
Corresponding state principle (CSP) is widely used in engineer-
ing design and fluid characteristics prediction. Different pure gases
have a common feature, which is that their compressibility factors
are nearly the same when they reach their critical points. For this
common feature, when the critical pressure and the critical tem-
perature of a gas are known, the P-V-T characteristics of this pure
gas could be calculated approximately without the complex inte-
gral calculation of virial coefficient. But the error due to the
approximate calculation will accumulate with the increase in
temperature and pressure. The accumulated error should not be
neglected in predicting the virial coefficients of gas at high tem-
perature and pressure. Therefore, the virial coefficients calculated
by the approximation way could not be used in calculating the
propellant gas at high temperature and pressure directly. Based on
CSP, the main work of this paper is to introduce an extended
corresponding state amendment to the virial coefficient expres-
sions of the main components in propellant gas, which makes
simple extended corresponding state principle (SE-CSP) available
to describe the state of propellant gas at high temperature and
pressure.
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2. Calculation principle of virial coefficients
2.1. Virial equation
The virial equation was proposed by Kammerlingh-Onnes in
1901, which could be described by the reciprocal of volume
power as
Z B V C V= + + +…1 2m m (1)
where Z is compressive factor; B and C are the second and the
third virial coefficients, respectively, which only depend on
temperature.
Generally, the accuracy of Z calculation with the first three
terms in Eq. (1) is sufficient [12].
The propellant gas is a mixture of several elementary gases.
The second and the third virial coefficients of the elementary
main component gases computed by using the Kay rule meet
the requirement of engineering calculation accuracy.
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2.2. Simple extended corresponding state principle (SE-CSP)
In CSP, if different substances have the same relative pres-
sure Pr (the ratio of pressure P and critical pressure Pc) and the
same relative temperature Tr (the ratio of temperature T and
critical temperature Tc), they are in a corresponding state,
and their physical properties have the simple corresponding
relationships.
Since this relationship with two parameters is only appro-
priate for simple molecules, Pitzer et al. [13] and Xiang
[14] introduced acentric factor ω and empirical parameter θ
successively to amend the critical comparison factor Zc, with
θ = (Zc−0.291)2. The amendments make CSP fit for describing
various properties of all kinds of molecule [13,14].
After introducing parameters ω and θ, CSP becomes
SE-CSP, which could be expressed as
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2.3. Calculation of virial coefficients for propellant gas
The modified expressions for Br(0)(Tr) and Br(1)(Tr) in Eq. (4)
are shown in Ref. [15]
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Some studies have shown that the estimate accuracy of B in
Eq. (4) is satisfactory for Tr <0.75, whereas the estimate accu-
racy becomes more and more weak with the increase in Tr. The
temperature range of propellant gas greatly exceeds Tr = 0.75.
Therefore, SE-CSP like Eq. (4) should be revised before it is
used to calculate the virial coefficients of propellant gas.
The main components of propellant gas are N2, H2, CO, H2O
and CO2. Due to the good agreement between experimental
data [16] and the calculated data by the second virial coefficient
equation of CO2 proposed in Ref. [17] and the precise second
virial coefficient equation of H2O proposed in Ref. [18], only
the amended expressions for CO, H2 and N2 are required by
fitting their experimental data [16]. The expressions obtained
are
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3. Applied results and analysis
The second virial coefficients of CO, H2 and N2 calculated
by the revised SE-CSP expression were compared with their
experimental data and other calculated values from different
theories. The comparative results are shown in Figs. 1–3,
respectively. It can be seen obviously that the values calculated
by the revised SE-CSP expression have satisfactory accuracy
and are in good agreement with the experimental data [16] at
low temperature, and also agree well with the calculated values
in Ref. [5,6] at high temperature.
When the virial coefficients of propellant gas at high tem-
perature and pressure are calculated, the second virial coeffi-
cients of CO, H2 and N2 can be obtained by Eqs. (4) ~ (6); the
second virial coefficients of H2O and CO2 can be obtained by
Eq. (7) [17] and Eq. (8) [18]; the third virial coefficients of the
five elementary gases can be obtained by Eqs. (9) ~ (10) and
Table 1 [19].
Fig. 1. The second virial coefficients of CO.
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Although an error will be brought by using the revised third
virial coefficient CSP equations to calculate in the third virial
coefficient at a higher temperature, the effect of extrapolation
error on the maximum pressure of the propellant gas could be
ignored at such a high temperature. The second and the third
virial coefficients of the propellant gas can be obtained by
calculating the second and the third virial coefficients of the
main component elementary gases according to Eqs. (2) ~ (3),
and approximately taking other small component gases as ideal
gases of which B and C are zero. Then the comparative factor Z
of propellant gas can be calculated. Finally, the maximum pres-
sure of the propellant gas can be calculated by the equation
pV = nZRT.
Table 2 lists the maximum pressures of closed bomb tests of
a gun propellant, whose formula is C24.86H32.27O33.46N9.54, under
different loading conditions. The maximum pressures calcu-
lated by different theoretical virial coefficients calculation
methods are also listed in Table 2. These theoretical virial
coefficients calculation methods include the revised SE-CSP
virial coefficient expression proposed in this article, the func-
tion of a simplified intermolecular force model [5] and a polar-
ity modified function based on Lennard-Jones (6–12) potential
function [6]. The calculations are completed under the same
Fig. 2. The second virial coefficients of H2.
Fig. 3. The second virial coefficients of N2.
Table 1
aij.
aij i = 0 i = 1 i = 2 i = 3
j = 0 0.1623538 0.3087440 −0.01790184 −0.02789157
j = 1 −0.5390344 1.783526 −1.055391 0.09955867
j = 2 34.22804 −74.76559 279.922 −62.85431
Table 2
Comparison of closed bomb test results and calculation results under different loading conditions.
loading density
/(kg·m−3)
Test
pressure/MPa
The present work Ref. [5] Ref. [6]
Calculated
pressure/MPa
Error/% Calculated
pressure/MPa
Error/% Calculated
pressure/MPa
Error/%
127.59 145.466 144.423 −0.72 144.083 −0.95 143.748 −1.18
156.00 182.948 181.975 −0.53 181.085 −1.02 180.604 −1.28
192.34 235.387 232.894 −1.06 231.484 −1.66 230.792 −1.95
225.50 285.022 282.192 −0.99 280.183 −1.70 279.281 −2.01
350.00 497.900 491.612 −1.26 486.118 −2.37 484.387 −2.71
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conditions, such as gas composition, content of elementary
component gas, explosive temperature, and other component
gasses as ideal gasses except the main component gasses and
so on. The experimental results in Table 2 were corrected with
heat loss, and the influence of ignition powder on pressure was
eliminated.
From Table 2 it can be seen that the maximum pressure
values calculated through the revised SE-CSP expression
are closer to the experimental results at different loading con-
ditions compared to the values calculated in Refs. [5,6], and the
calculated errors from modified SE-CSP are obviously smaller
than those from the other methods with the increase in loading
density. The comparative results indicate that the revised
SE-CSP equation is suitable for maximum pressure calculation
of propellant gas at high temperature and pressure, and its
calculation accuracy is higher than those in Refs. [5,6]. All the
pressures calculated by the three methods in Table 2 are lower
than the experimental values, and the calculated errors present
a slightly increasing trend with the increase in loading density.
This phenomenon is probably caused by the approximation
calculation, in which the main component gases are taken as
real gases, and the small quantity of other dissociated gases are
taken as ideal gases. This approximation leads to the result that
the calculated value is lower than the experimental data. When
the loading density increases, the degree of dissociation grows
higher. If the dissociated gases are taken as ideal gasses at that
time, the error brought by this approximation grows. But this
error is still in the acceptable range in engineering calculation.
Therefore, some amendments, such as managing dissociated
gas components, could be made to improve the pressure calcu-
lation accuracy of propellant gas in calculation.
4. Conclusion
For the limited temperature range of the simple extended
corresponding state principle (SE-CSP) and the difficulty in
calculating the virial coefficients, the second virial coefficient
SE-CSP expressions for the main component gases of propel-
lant gas were amended by fitting and extrapolating the corre-
sponding experimental data of the gases. The amendment in the
present paper makes the SE-CSP expressions suitable for cal-
culating the main component gases of propellant gas at high
temperature and pressure. The second virial coefficients calcu-
lated by the revised SE-CSP expressions are in good agreement
with the experimental data at low temperature. Then these
revised SE-CSP expressions are extrapolated; the second virial
coefficients calculated by these extrapolated expressions agree
with the values in Refs. [5,6] at high temperature. The extrapo-
lated revised SE-CSP virial expressions were used to calculate
the maximum pressure of propellant gas in constant volume.
The calculated error presented in the paper is smaller than those
in Refs. [5,6], which indicates that the extrapolated revised
SE-CSP virial expressions are appropriate for the maximum
pressure calculation of propellant gas in constant volume at
high temperature and pressure, and have better calculation
accuracy. The revised SE-CSP expressions, which avoid estab-
lishing the complicated molecular model for virial coefficient
calculation, provide a simple way to calculate the virial coeffi-
cient of propellant gas at high temperature and pressure, and
have practical significance in theoretical calculation.
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